Memory B cells and long-lived bone marrow-resident plasma cells maintain humoral immunity. Little is known about the intrinsic mechanisms that are essential for forming memory B cells or endowing them with the ability to rapidly differentiate upon reexposure while maintaining the population over time. Histone modifications have been shown to regulate lymphocyte development, but their role in regulating differentiation and maintenance of B-cell subsets during an immune response is unclear. Using stage-specific deletion of monocytic leukemia zinc finger protein (MOZ), a histone acetyltransferase, we demonstrate that mutation of this chromatin modifier alters fate decisions in both primary and secondary responses. In the absence of MOZ, germinal center B cells were significantly impaired in their ability to generate dark zone centroblasts, with a concomitant decrease in both cell-cycle progression and BCL-6 expression. In contrast, there was increased differentiation to IgM and low-affinity IgG1
Memory B cells and long-lived bone marrow-resident plasma cells maintain humoral immunity. Little is known about the intrinsic mechanisms that are essential for forming memory B cells or endowing them with the ability to rapidly differentiate upon reexposure while maintaining the population over time. Histone modifications have been shown to regulate lymphocyte development, but their role in regulating differentiation and maintenance of B-cell subsets during an immune response is unclear. Using stage-specific deletion of monocytic leukemia zinc finger protein (MOZ), a histone acetyltransferase, we demonstrate that mutation of this chromatin modifier alters fate decisions in both primary and secondary responses. In the absence of MOZ, germinal center B cells were significantly impaired in their ability to generate dark zone centroblasts, with a concomitant decrease in both cell-cycle progression and BCL-6 expression. In contrast, there was increased differentiation to IgM and low-affinity IgG1
+ memory B cells. The lack of MOZ affected the functional outcome of humoral immune responses, with an increase in secondary germinal centers and a corresponding decrease in secondary high-affinity antibodysecreting cell formation. Therefore, these data provide strong evidence that manipulating epigenetic modifiers can regulate fate decisions during humoral responses, and thus could be targeted for therapeutic intervention.
T he foundation for vaccine success is the ability of the immune system to provide heightened responses to pathogens if the host has been infected prior-this is termed immune memory. Humoral memory incorporates two populations of cells: longlived antibody (Ab)-secreting cells (ASCs) and memory B cells. In a T cell-dependent response, humoral memory is mainly produced within germinal centers (GCs) (1), transient sites within lymphoid follicles in which antigen-specific B cells undergo iterative rounds of proliferation and affinity maturation (2) (3) (4) (5) . The GC can be divided into dark and light zones (DZs and LZs, respectively) in which specialized functions occur (6) . Within the DZ, B cells undergo rounds of division and can isotypeswitch. Affinity maturation occurs through somatic hypermutation (SHM) of the B-cell receptor, which modulates receptor affinity for the antigen and selection of high-affinity mutants in the LZ. Although memory B cells and ASCs can arise throughout the response, it is within the GC that the quality, and thus the success of these populations to mediate long-term protection, is determined.
Cell proliferation, migration, and differentiation during an immune response are modulated by the integration of extrinsic signals from the microenvironment, together with intrinsic mediators that activate or repress gene expression (7) . Transcription factors are often associated with the maintenance of cellular identity, such as BCL-6 for GC B cells (8) and BLIMP-1 for ASCs (9) . Other intrinsic factors, such as cell-cycle regulators, are differentially expressed between naïve and memory B cells, thus potentiating the enhanced swiftness of secondary responses (10) .
Enzymes known as epigenetic modifiers can also modulate gene expression during an immune response by altering the structure of histones. The N-terminal tails of histones are modified by different enzymes, which affect chromatin conformation to induce or inhibit transcription at particular loci (11) (12) (13) . There is increasing evidence that epigenetic modifications by histone acetyltransferases, deacetylases, and methyltransferases regulate lymphocyte development and responses. For example, the methyltransferase EZH2, a member of the polycomb repressive complex, is vital for Igh rearrangement (and thus B-cell development) by methylation of histone H3 (14) . Polycomb group proteins are differentially expressed in the LZ or/and DZ (15, 16) . Accordingly, EZH2 has been found to play a role in GC formation by regulation of cell-cycle checkpoints (17, 18) . Furthermore, epigenetic modifiers regulate the stability of T-cell subsets during T-cell development (19) . Both T-bet and Gata-3, and thus IFN-γ and IL-4, are regulated by histone modifications in such a way that T helper cells are intrinsically wired to have the flexibility to alter their transcriptional pathway depending on the situation (20) . An equivalent plasticity in B cells has not yet been identified.
Differentiation into GC B cells or ASCs is associated with activation of distinct transcriptional networks. In contrast, naïve and memory B cells have very similar transcriptional profiles (10, (21) (22) (23) . Despite this, there are several key differences between naïve and memory B-cell populations: the ability to persist without continual input from precursors, as well as the rapid and robust response of memory B cells compared with naïve B cells. Memory B cells, however, are antigen-experienced and thus they may retain epigenetic "memory" of their previous involvement in an immune response. The involvement of epigenetic changes in the formation and maintenance of B-cell memory has yet to be investigated.
Significance
Understanding the intrinsic mechanisms underlying formation of humoral memory during infection and the ability of the humoral memory population to persist for long periods of time is important for identifying potential targets for improving the efficacy of vaccines. Here we demonstrate that the chromatin modifier MOZ regulates B-cell memory formation, controlling memory compartment composition. This activity of MOZ is B cell-intrinsic and is required for establishing the germinal center gene expression program. IgM memory B cells have been implicated in maintaining the memory B-cell population over time, whereas isotype-switched memory B cells rapidly differentiate into plasmablasts upon secondary infection. Therefore, identifying potential chromatin changes that may induce differentiation into one subset over another makes MOZ a viable target for clinical translation.
To test whether chromatin modifiers regulate B-cell differentiation and the stability of memory B-cell subsets, we investigated the role of a chromatin modifier in these processes. Memory B cells have properties that are reminiscent of stem cell populations: They can undergo self-renewal to maintain the population in both the absence and presence of antigen. Although memory B cells are not stem cells, they may contain some of the properties that allow stem cells to self-renew. MOZ (MYST3), a member of the MYST family of histone acetyltransferases, is essential for long-term repopulation of hematopoietic stem cells (24, 25) , and translocations of Moz promote continual division of leukemic cells (26) . MOZ is part of a transcription regulatory complex analogous to the polycomb repressor complex, but with differing enzymatic activity and is activating rather than repressing. It is expressed in both human and murine B cells, and thus is a candidate regulator of B-cell differentiation. Here we show, using stage-specific deletion, that MOZ regulates the behavior and fate decision of B cells in both primary and secondary responses, demonstrating for the first time, to our knowledge, the requirement of a chromatin activator complex in the formation of humoral memory B cells. Cre/+ mice were immunized with alum-precipitated (4-hydroxy-3-nitrophenyl)acetyl conjugated to keyhole limpet hemocyanin (NP-KLH). GC formation was defective in the absence of MOZ (Fig. 1A) . NP-specific GC B cells were decreased by more than twofold 7 d postimmunization ( Fig. 1 A-C (Fig. 1 A-C) . This defect was sustained over time ( Fig. 1 A-C) . Within the GC population, the frequency of cells that had isotype-switched to IgG1, the predominant isotype in humoral responses to NP-KLH in alum, was decreased in the absence of MOZ at all time points measured (Fig.  1D) . In contrast, histological analysis of splenic ASCs demonstrated a comparable presence of IgG1 + ASCs, suggesting there was not an intrinsic defect in isotype switching to IgG1 (Fig. 1E ). There was a decrease in GC size (Fig. 1F) Cre/+ , the ratio of LZ to DZ cells was skewed significantly toward the LZ, compared with control mice (Fig. 2 A and B) . DZ B cells were decreased by approximately fivefold at day 7 postimmunization (Fig. 2C) . In contrast, the number of LZ B cells was not significantly different (Fig. 2D) .
Results

GC
The DZ is the predominant site of centroblast proliferation. To assess whether the decrease in GC B cells was due to inadequate proliferation in the DZ, cell-cycle analysis of sortpurified GC B cells was assessed ( Fig. 2 E and F). At day 7 postimmunization, there was a significantly higher frequency of cells in G0/G1 in the absence of MOZ ( Fig. 2 E and F) . Thus, it appears that expansion in the DZ requires MOZ activity.
BCL-6 is a transcriptional repressor required for GC formation via regulating the expression of a network of genes (8, 29) . We speculated that the inability of MOZ-deficient B cells to form a normal DZ reflected inadequate expression of BCL-6. Assessment of GC B cells 7 d postimmunization demonstrated a significant decrease in BCL-6 protein (Fig. 3A) . This was not simply due to decreased numbers of GC B cells, because BCL-6 was significantly decreased within the MOZ-deficient GC population ( Fig. 3 B and C) . Defective BCL-6 expression was apparent at all time points examined (Fig. 3C ). Taken together, formation of the DZ and appropriate BCL-6 expression were dependent on MOZ activity in B cells. , white bars. Data are combined from three experiments (day 7) and two per time point (day 13 and day 27); n = 5-10 per genotype. Error bars indicate ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (E and F ) Immunohistological analysis of splenic sections stained with (E ) B220 (blue) and IgG1 (red) or (F ) B220 (red) and PNA (blue) day 7 postimmunization; representative of three spleens per genotype. Original magnification: 5×. , white bars. Data are combined from three (day 7) and two (day 13) experiments; n = 5-10 per genotype. Error bars indicate ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. (E and F) Cell-cycle analysis of day 7 sort-purified GC B cells from Mb-1
Cre/+ (black bars) and Moz fl/fl
Mb-1
Cre/+ (white bars). Data are combined from two experiments; n = 6 per genotype. Error bars indicate ± SEM. *P < 0.05, **P < 0.01.
shaped B-cell responses to immunization. It was unclear, however, whether the GC B-cell defect was due to MOZ activity on the transcriptional program during B-cell development or after activation with antigen. Deleting Moz within antigen-activated B cells would resolve this issue by revealing any requirement for epigenetic reprogramming of gene transcription upon activation. As such, Moz fl/fl mice were crossed with Aicda Cre/+ mice. Aicda encodes activation-induced cytidine deaminase, which is expressed by B cells shortly after activation by antigen and is required for SHM and class-switch recombination (30) . GC formation in Moz fl/fl
Aicda
Cre/+ mice was decreased by more than twofold compared with controls ( Fig. 4 A and B) , consistent with Moz fl/fl
Mb-1
Cre/+ mice. DZ B-cell formation and BCL-6 expression were defective when MOZ was deleted in B cells after activation (Fig. 4 C and D) .
Given or Aicda Cre/+ mice and performed RNA-sequencing analysis. The majority of genes differentially expressed were up-regulated in the absence of MOZ (Fig. 4E and Table S1 ); 12 genes were down-regulated in MOZ-deficient GC B cells, whereas 66 genes were up-regulated. There was no substantial overlap between the genes regulated in the absence of MOZ and those that are differentially expressed in the DZ and LZ (6) , demonstrating that these changes were not caused by changes in zonal ratio.
Regulation of Memory B-Cell Formation by Moz. Although GC formation was defective in the absence of MOZ, GC B cells were still detected (Fig. 1) . To investigate whether the residual GCs were functional, the quality and quantity of memory B cells and ASCs were assessed (Fig. 5) , with the few cells detected being mostly CD38 + and therefore memory B cells (Fig. 5 A-C) . In contrast, the majority of NP + IgG1 + B cells in immunized Mb-1
Cre/+ controls were CD38 − GC B cells (Fig. 5D) 
IgG1
+ CD38 + population compared with Mb-1 Cre/+ controls ( Fig. 5 E and F) .
The frequencies of splenic (Fig. 5G ) and bone marrow (BM) (Fig. 5H) and Mb-1 Cre/+ mice, and serum Ab was also comparable (Fig.  S2) . It was possible that these ASCs were formed early in the response and would therefore be expected to be of low affinity. Consistent with this, the ratio of NP 2 -to NP 14 -binding IgG1 + ASCs was significantly decreased in MOZ-deficient splenic ASCs (Fig. 5I ) and slightly decreased in BM ASCs (Fig. 5J) , likely due to the defect in the DZ.
The NP + IgG1 + CD38 + B cells detected could represent either GC-independent or GC-derived-and therefore somatically mutated-memory B-cell populations. We investigated this possibility by sequencing V H genes of responding B-cell populations. Single GC and memory B cells were sort-purified 13 d and 4 wk postimmunization, respectively (Table S2) . MOZdeficient GC B cells underwent mutation and affinity-based selection (as indicated by the frequency of the canonical position 33 Trp→Leu exchange at V H 33) comparable to controls. However, MOZ-deficient memory B cells had a reduction in the frequency of V H 186.2 mutations and Trp→Leu mutation. Therefore, although GC B cells underwent SHM and selection in the absence of MOZ, the memory B-cell population appeared to have undergone insufficient rounds of both. However, the presence of mutations and some Trp→Leu replacements demonstrated that MOZ-deficient memory B cells were in fact Table S1 ; each column is an independent sample obtained from pooled sort-purified day 7 GC B cells from either Aicda
Cre/+ or Moz fl/fl
Aicda
Cre/+ mice. (Table S2 ). Taken together with the reduced affinity of the ASC compartment, MOZ deficiency in B cells appeared to affect the quality but not the number of cells differentiating into NP
GC-derived
+
IgG1
+ memory B cells and ASCs.
B Cell-Intrinsic Regulation of Humoral Responses. Defective GC development will also impact on T follicular helper cell (T FH ) numbers, which can then in turn influence B-cell behavior through alteration of the microenvironment. Thus, it was important to determine whether the defects observed were directly due to the lack of MOZ in B cells and not downstream of the defect in T FH development. To discriminate these possibilities, mixed BM chimeras were used. BM from Ly5.2 Moz fl/fl Aicda
Cre/+ was mixed in a 1:1 ratio with BM from Ly5.1 wild-type mice and used to reconstitute lethally irradiated recipients (Fig. 6A) . After full reconstitution, mice were immunized and assessed for humoral responses. Similar to intact mice, frequencies of MOZdeficient GC B cells were reduced compared with controls ( Fig.  6B) , and the DZ-to-LZ proportions were skewed (Fig. 6C ) due to the reduction of MOZ-deficient, DZ GC B cells. The frequency of NP + IgG1 + B cells was significantly decreased in the absence of MOZ (Fig. 6D) . Although the proportion that was CD38 + was significantly increased (Fig. 6D) , the total frequency of NP + IgG1 + CD38 + B cells was not significantly different ( Fig.  6E) , similar to intact mice (Fig. 5) . Therefore, in the presence of a normal microenvironment, MOZ-deficient B cells had an intrinsic defect in GC formation.
MOZ Regulates ASCs and GCs in Secondary Responses. Memory B cells respond rapidly and robustly to infection with quick expansion and differentiation into high-affinity ASCs while not exhausting the memory B-cell pool. It is not known whether epigenetic properties of memory B cells contribute to this outcome. Although our results demonstrated that the quality, but not the quantity, of the memory B-cell pool was altered by the absence of Moz, we assessed whether the memory B-cell pool was functional. Accordingly, Moz fl/fl Mb-1 Cre/+ mice were boosted with soluble antigen at least 6 wk after the primary immunization (Fig. 7) . The memory B-cell pool in Moz fl/fl Mb-1 Cre/+ mice was able to produce high-affinity ASCs in the spleen; however, they were significantly reduced compared with controls ( Fig. 7 A and B) although starting frequencies were comparable (Fig. S3) . In contrast, there was an approximately twofold increase in GC B-cell frequency in Moz fl/fl Mb-1 Cre/+ mice compared with controls 3 d postsecondary immunization (Fig. 7C) (Fig. 7D) . This was also confirmed in Moz fl/fl Aicda Cre/+ , demonstrating that Moz deletion in activated B cells also resulted in an increase in IgM memory B cells (Fig. S3) . To investigate whether these cells were generated early in the primary response, IgM + antigen-specific memory B cells were assessed 7 d postprimary immunization. Indeed, IgM + antigen-specific memory B cells were increased early in the primary response (Fig. 7E) . The results suggest that chromatin modification by MOZ during a primary response can alter the composition of the memory B-cell population and therefore the dynamics of a secondary response.
Discussion
The fundamental role of memory B cells is to differentiate rapidly into high-affinity plasmablasts on challenge. However, for long-lived immunity, the memory B-cell pool cannot be depleted completely during secondary responses but rather must be maintained by as yet undetermined mechanisms. Recently, this dichotomy of persistence and differentiation has been ascribed to the IgM + memory and classically switched memory B-cell subsets (31, 32 ). Here we demonstrate that the chromatinmodifying enzyme MOZ participates in regulating the formation of these memory B-cell states and thus their function during secondary responses.
Memory B-cell populations have properties reminiscent of stem cell populations in that the population is maintained in the Error bars indicate ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. absence of antigen (33) but is also able to produce different types of B cells (ASCs, GCs, and memory B cells) with functionally distinct properties. Murine memory B cells have been found to express LIF-R protein and Bmpr1a transcript, two receptors that have important roles in stem cells (22) . We and others have shown that the chromatin modifier MOZ has a role in stem cell self-renewal (24, 25) and specifically targets H3K9 (27, 34) . In other situations, where cell development is altered by the absence of MOZ, only a very small number of genes have been identified as being direct targets of histone acetylation by MOZ (27, 34) . The small number of gene expression changes revealed in our analysis suggests that a similar phenomenon may be occurring in MOZ-deficient B cells during a humoral response. There was no substantial overlap of the altered gene expression signature with LZ/DZ signatures (6) , demonstrating that the changes were not solely due to the changed zonal ratios and point instead to a discreet function. Although there is little current information about epigenetic modifications during humoral responses, an essential role has been identified for the histone methyltransferase EZH2 for GC formation (18, 35) with the consequence that EZH2-deficient mice have decreased memory and ASC populations (35) . Here we demonstrate that a chromatin modifier can also modulate GC B-cell differentiation into memory populations to favor one subset of memory B cell over another. Similar to mice with EZH2 deficiency, GC formation was also defective in the absence of MOZ activity. Previous analysis of expression of EZH2 and other polycomb group proteins demonstrated that these enzymes segregated primarily into either the LZ or DZ (15, 16) , suggesting activity is closely associated with particular functions in a specific zone. Decreased GC B-cell proliferation and number of DZ B cells in the absence of MOZ indicated that the consequences of MOZ activity were localized to the DZ of the GC. The use of Aicda-Cre mice in our study revealed that MOZ was active in antigen-activated B cells, suggesting reprogramming of gene transcription in these cells affecting both GC and memory populations. Thus, histonemodifying enzymes program antigen-activated B-cell subsets, subsequently regulating the formation and function of B-cell states. This is reminiscent of what happens in Th1 and Th2 subsets, in which histone modifications are required for the stability of these subsets (20) and alterations to histone-modifying enzymes increased plasticity and thus differentiation potential of these populations.
Recently, Shlomchik and colleagues postulated that production of memory B cells and ASCs is tied to the kinetics of the GC (7, 36) . They propose that memory B cells arise during the initial phase of the GC, whereas the majority of ASCs that will populate the long-lived compartments arise later. In addition to the increase in IgM memory B cells early in the response, the MOZdeficient memory B-cell IgG1 + population also appeared to have not undergone normal affinity maturation, even though SHM (mutation frequency) and selection (Trp→Leu mutation frequency) of GC B cells was comparable to that of control mice. The kinetics of the GC response, in which a decrease in GC B-cell number is evident by day 7 but the difference between MOZ-deficient and control GCs remains similar for the rest of the GC response, as well as the difference in GC size rather than frequency per follicle, demonstrate that the defect can be localized to the early stages of a response postimmunization. Taken together with the sequencing data, the findings suggest that in the absence of MOZ there is inadequate expansion and aberrant differentiation of GC B cells into memory B cells occurring during the early phase of the response.
The regulation of GC B-cell differentiation into ASCs has been an area of intense research for the past decade, resulting in the identification of so-called master regulators of this process including the transcription factors BLIMP-1 and IRF4 (9, 37) . In contrast, no such "master transcription factors" have been identified in regulating the formation of memory B cells, suggesting a different mechanism may operate. Previous studies have shown that memory B cells, unlike GCs and ASCs, do not have vastly different transcriptional profiles from naïve B cells (10, (21) (22) (23) ). This should not be surprising, because in essence the function of naïve and memory B cells is quite similar; for example, both are required to recirculate in a quiescent state and then proliferate and differentiate into ASCs following antigen exposure. However, memory B cells (and long-lived ASCs) can persist in the absence of antigen or input from precursors for periods far greater than naïve B cells (33) . One possibility is that epigenetic changes enacted during memory B-cell formation are responsible for the longevity and/or enhanced responses of the memory B-cell population. Recently, it was published that discreet memory B-cell functions were mediated by memory B-cell subsets distinguished by whether or not they had undergone isotype switching (31, 32) . In these studies, IgG + memory B cells rapidly differentiated into plasmablasts during a secondary response, whereas IgM + memory B cells formed GCs (if serum Ab was reduced), thus potentially repopulating the memory compartment. Here we demonstrate that not only can the chromatin modifier MOZ affect differentiation into memory B cells during a humoral response but in doing so it also affects the function of the memory population. Modulation of MOZ expression or activity could regulate the proportion of memory B cells acquiring either of these two important functions and, in its absence, the output tilts in favor of promoting secondary GCs, likely due to an increase in the production of IgM memory B cells. Thus, this study provides strong evidence that histone acetylation during B-cell differentiation is a mechanism for fine-tuning the regulation of memory formation in humoral immunity.
In this study, we have demonstrated that chromatin modifiers are regulators of B-cell differentiation. Thus, there is the potential for mimetics and inhibitors to be used clinically as novel therapies. For example, they could be used to enforce one B-cell fate over another, such as in patients where memory B cells are depleted or plasma cells are overrepresented. Therefore, revealing a role for MOZ in lymphocyte differentiation makes it a viable target for clinical intervention.
Materials and Methods
Mice, Immunizations, and Cell Purification. Moz fl/fl mice were generated as detailed (27 Error bars indicate ± SEM. *P < 0.05, **P < 0.01.
